In this section, we aim to test our results for the global time-average rate of Rubisco in the terrestrial and marine environments. The validation is based on collecting data for both the primary productivity as well as the biomass in several sites on land and in the marine environment, calculating the average rate of Rubisco at each site, and comparing these results to our best estimates of the global time-average rates of Rubisco in the terrestrial and marine environments.
For the terrestrial environment, we used data from 18 different Fluxnet sites, located in various biomes. At these Fluxnet sites, GPP per unit area is calculated from carbon exchange rates measured by eddycovariance. At the same sites, we integrated data on the leaf area index (the surface area of leaves per unit land area) as well as on the nitrogen content of leaves in plants at the same site (mass of nitrogen per unit leaf mass; (1, 2) . We used leaf area index measured throughout the year to calculate an annual average leaf area index, which takes into account the loss of leaves in deciduous or annual plants (for evergreen plants we assume the leaf area index remains constant year-round). From the leaf area index and the nitrogen content per leaf area, we can calculate the total mass of nitrogen per unit land area. We converted the total mass of nitrogen per unit land area to the mass of Rubisco per unit land area by using a conversion ratio between Rubisco mass and leaf nitrogen mass. For each site, we use a typical conversion ratio based on the dominant plant type in the site -deciduous woody plants, evergreen woody plants, and herbaceous plants (3) . These conversion ratios allow us to calculate the annual mean of the Rubisco mass per unit land area at each site. We divided the annual mean GPP per unit land area at each site by the annual mean Rubisco mass per unit land area at each site to derive the average rate of Rubisco at each site as shown in Figure S1A . After calculating the average rate of Rubisco at each site, we calculated the average rate across sites within the same biome. We find average rates ranging between ≈0.01 s -1 and ≈0.2 s -1 (link to detailed calculation). We then calculated a weighted average of rates across biomes based on the mass of leaves at each biome. Our global average rate of Rubisco based on Fluxnet sites was ≈0.04 s -1 (link to detailed calculation), which is very close to our best estimate of ≈0.03 s -1 , and well within our uncertainty estimate.
In order to validate our estimates regarding the time-averaged rate of Rubisco in the marine environment, we use two well-studied sites -the ALOHA (A Long-Term Oligotrophic Habitat Assessment) site located 100 km north of Oahu, Hawaii, and the Bermuda Atlantic Time-series Study (BATS) site. Both locations have been sampled continuously since the 1980s and provide a rich dataset for comparison against our estimate. In both sites, we used data on the biomass of phytoplankton at the site (4, 5) as well as data gathered on cyanobacteria (Prochlorococcus and Synechococcus) at the ALOHA site (gathered from ftp.soest.hawaii.edu/dkarl/hot). Additionally, the net primary productivity in each location is measured using 14 C incorporation (data gathered from ftp.soest.hawaii.edu/dkarl/hot and batsftp.bios.edu/BATS/production/). In order to calculate the average rate of Rubisco in these sites, we had to go through several steps as depicted in Figure S1B . First, we converted population density estimates for cyanobacteria at the ALOHA site to biomass density using estimates for the carbon content of each group of cyanobacteria (6), The next step was to integrate measurements of the concentration of phytoplankton at each depth in order to calculate the total biomass of phytoplankton per unit area. To convert the carbon mass of phytoplankton to the total protein mass in phytoplankton, we assume that carbon accounts for 50% of the dry weight of cells and that proteins also account for 50% of the dry weight of cells. Finally, we use an average fraction of Rubisco out of the proteome of phytoplankton of 3%, measured across different species (7) (8) (9) , to calculate the total mass of Rubisco from the total mass of proteins. To estimate the average rate of Rubisco at each site, we need a measure of the gross primary productivity. To convert the measured net primary productivity at each site to gross primary productivity, we assume gross primary productivity is about 2-fold larger than net primary productivity in the ocean. We rely on two independent lines of evidence to support this assumption. First, measurements of autotrophic respiration, photorespiration and dissolved organic carbon secretion imply about 50% of the carbon fixed by photosynthesis is lost by these processes (10, 11) . Second, measurements of the gross oxygen production (the total mass of oxygen produced by photosynthesis) are about 2.7-fold higher than measured net primary productivity (10) . Not all oxygen produced by photosynthesis is coupled to carbon fixation, as some processes use the electrons produced in water splitting for other purposes, such as the Mehler reaction and additional terminal oxidases (12) . These processes usually account for 20%-25% of the gross oxygen production (13) . The remaining 75%-80% is coupled to carbon production, which means that the gross carbon production (the GPP) is about 2-fold higher than the net primary productivity. To estimate the time-average rate of Rubisco at each site, we calculated the average total mass of Rubisco per unit area and gross primary productivity per unit area across the entire time-series for each site and then divided the average gross primary productivity by the total mass of Rubisco. For the ALOHA site, we estimate an average rate of about 1.2 s -1 , whereas for the BATS site we estimate an average rate of about ≈1.6 s -1 (link to detailed calculation). These rates are about 2 to 3-fold higher than our best estimate for the rate of marine Rubisco, which is well within our confidence interval. What might explain the differences we see between the average rates of Rubisco at both sites and our best estimate? It has been shown that remote sensing based models, which are used to estimate global net primary productivity, systematically underestimate net primary productivity at both sites (14, 15) . Additional explanations include a different concentration of Rubisco in phytoplankton in these sites or an incomplete accounting of the total mass of phytoplankton in the sites. Figure S1 . A schematic representation of our methodology for estimating the site-specific average rate of Rubisco in the terrestrial environment (A) and the marine environment (B).
